Voltage-gated ion channels derive their voltage sensitivity from the movement of specific charged residues in response to a change in transmembrane potential. Several studies on mechanisms of voltage sensing in ion channels support the idea that these gating charges move through a well-defined permeation pathway. This gating pathway in a voltage-gated ion channel can also be mutated to transport free cations, including protons. The recent discovery of proton channels with sequence homology to the voltage-sensing domains suggests that evolution has perhaps exploited the same gating pathway to generate a bona fide voltagedependent proton transporter. Here we will discuss implications of these findings on the mechanisms underlying charge (and ion) transport by voltage-sensing domains.
Introduction
Ion channels play a central role in electrical signaling in biology. Voltage-gated ion channels amplify small variations in membrane potential by initiating and propagating action potentials. A change in membrane potential exerts a net force on charged residues of a voltage-gated ion channel, causing them to relocate to a new equilibrium position. This movement of the charged residues (gating charges) is coupled to further conformational changes in the protein that lead to the opening and closing of the pore gates in a process that is poorly understood at the molecular level. How do these charges in the fourth transmembrane segment (S4) move across the membrane? What are the conformational changes in the protein that allow the charge movement to take place? How is this movement of gating charge coupled to opening and closing of the pore? Answers to some of these questions are beginning to emerge with researchers using a dazzling array of biophysical and biochemical approaches (see reviews by Ahern and Horn, 2004; Bezanilla, 2005; Swartz, 2004; Tombola et al., 2005a) . Here, we will mainly discuss studies that have led to identification and characterization of the ''permeation'' pathway for the movement of the gating charges.
The superfamily of voltage-gated ion channels are classified into Na + , K + , and Ca 2+ channels, depending on the primary ion that flows through its pore. Voltage-gated Na + and Ca 2+ channels are transmembrane proteins comprising four homologous domains that come together to form a central ion-conducting pore. The K + channel is a tetramer of identical subunits. Each subunit or domain in a voltage-dependent channel consists of six transmembrane segments (S1-S6) along with a re-entrant P loop region. These channels have been further subdivided based on their functional roles. The transmembrane segment S1-S4 is referred to as the voltage-sensing domain, whereas the S5-P-S6 constitutes the ion-conducting pore domain. In all voltage-gated ion channels, the S4 segment has a conserved stretch of positively charged residues, which occur at every third position. By measuring gating charge per channel, the charged residues in the S4 segment were identified as the primary gating charges that move across the transmembrane electric field in response to a voltage change (Aggarwal and MacKinnon, 1996; Seoh et al., 1996) . The energetic cost of moving a charge across a low dielectric barrier like the lipid membrane is prohibitively high (the estimated Born energy for a monovalent ion is at least tens of kcal/mol). Notice that the gating charges are similar to free ions except that they are tethered to the S4 segment. Therefore, it is reasonable to expect that similar mechanisms may underlie the movement of gating charge and ion transport.
Defining the Permeation Pathway for Gating Charges
Early structural models of voltage sensing proposed that the charged voltage-sensing S4 segment was sequestered from the lipid environment and was surrounded by other transmembrane segments. In these models, the voltage-sensing S4 segment translocated charges by undergoing a helical screw or sliding motion through a protein cavity in response to voltage changes (Catterall, 1986; Guy and Seetharamulu, 1986) . Conceptually, this would be like an ion pore where the ion is the S4 helix (four charges) moving in and out of a proteinaceous pore consisting of other transmembrane helices. Perhaps the first clear evidence that the gating charge moves through a porelike region came from cysteine accessibility studies on the voltage-dependent sodium channel (Yang et al., 1996; Yang and Horn, 1995) . In these pivotal experiments, the authors measured the rates of modifications of substituted cysteines on the S4 segment at different holding potentials. Their main finding was that the cysteines substituted in the place of S4 charges become more accessible to the outside in depolarizing conditions, and under hyperpolarizing conditions become accessible to the inside. More interestingly, their data also revealed that the third charge on S4 of domain IV is accessible to the outside in the depolarized state, whereas the fourth charge is accessible to the inside under the same condition ( Figure 1A ). Assuming that the S4 is an a helix, this result suggests that the internal and external facing residues were separated by a hydrophobic barrier of $10 Å . This distance is much smaller than the thickness of the lipid bilayer whose hydrophobic region is $28 Å . Primarily based on these findings, the authors proposed that the S4 segment is lined by wateraccessible crevices interrupted by a small hydrophobic region. In their model, in response to voltage jumps, the S4 segment slides between water-filled compartments inside and outside. Similar studies on the voltage-gated potassium channel also showed that the accessibility of substituted cysteines on the S4 is pervasive, suggesting a water-accessible region around the S4 (Larsson et al., 1996) . Support for this structural model of S4 in water-lined crevices interrupted by a narrow septum came from histidine subsititution studies on the Shaker potassium channel (Starace and Bezanilla, 2001; Starace and Bezanilla, 2004) . In these measurements, the accessibility of substituted histidine residues to protons was probed using pH changes. If the substituted histidines at specific positions translocate across the electric field, they will add to the gating currents when protonated. Furthermore, in presence of an electrochemical gradient, protons will be translocated across the membrane. In contrast, if the gating currents in these mutants are insensitive to pH changes, it means that either the substituted histidines do not move across the electric field or that they are inaccessible to aqueous solution. Histidines introduced in place of second and third arginines on the S4 segment were found to move across the full length of the electric field. Furthermore, as a result of this movement, these mutants transport a single proton down the gradient each time the voltage sensor moves between resting and activated state. The substitution of histidine in place of the first charge revealed an even more remarkable result.
The mutant channels behave as voltage-dependent proton channels, which allow proton fluxes only when the voltage sensor is in the resting state ( Figure 1B ). The proton conductance remains intact even when the pore was blocked by a pore blocker, suggesting that protons flow through the voltage-sensing domain. Mechanistic interpretation of proton conductance is somewhat controversial. It is possible that the substituted histidines line an aqueous pore through which hydronium ions can flow but other cations are excluded. Alternatively, histidine may transport protons by side-chain flipping, analogous to the Grotthuss-type mechanism proposed for proton diffusion through narrow channels (Nagle and Morowitz, 1978) . Even this conservative interpretation suggests that the external and internal crevices are separated by a short distance, which can be bridged by a histidine residue flipping on its side chain without a larger conformational change. Furthermore, the finding that the fourth charge (R371H) also forms a proton pore in the open state, indicates that the short region where the field is concentrated is present both in the closed and open state (Starace and Bezanilla, 2001) .
The nature of this gating charge permeation pathway was further revealed by the discovery of the so called ''omega'' currents or ''gating pore'' currents. Mutations of the first S4 arginine in the Shaker channel to less bulky uncharged residues generated nonselective voltage-dependent cation currents (Tombola et al., 2005b ) ( Figure 1C ). Like the proton currents in histidine mutants, these cation currents are also not blocked by pore toxins, and they are not affected by the closure of the slow inactivation gate in the central pore. Similar experiments in the sodium channel (B) Proton accessibility of histidines substituted in the place of S4 charges. Green sphere on the S4 helix denotes a substituted histidine in place of the first S4 arginine. A histidine in place of the first arginine creates a proton pore only when the voltage sensor is in the resting position. (C) Gating pore currents (or omega currents) were observed when the first charged residue is replaced with a small uncharged amino acid (small green sphere). Large red and green spheres are different cations that flow through the gating pore. In this instance, the gating pore currents like proton currents were seen only when the voltage sensor was in the resting state. by mutating a pair of outer adjacent gating charges to glutamines also showed nonselective inward cation currents when the channels are in resting state (Sokolov et al., 2005) . The authors also show that mutating a pair of inward adjacent gating charges generates outward cation currents when the channels are in the activated state. These experiments indicate that mutating specific arginines in the voltage sensor to uncharged residues creates an aqueous pathway for cation flux through the voltage-sensing domain. Furthermore, these pores are large enough to allow flux of guanidinium ions, suggesting that an arginine residue, whose side chain includes a guanidinium ion, can also move through the pores. Using an approach similar to the one used to identify pore-lining residues in channels, a cluster of residues that line the gating permeation pathway were identified . Modification of cysteines on surrounding helices by charged MTS reagents were found to affect the omega currents. A subset of these residues on external ends of the helices also perturb omega currents by electrostatic interactions as evidenced by contrasting effects of negatively charged and positively charged MTS reagents on ionic currents. Modifications at deeper positions by both MTS reagents reduce ionic currents, presumably by a steric block of a narrow region of the gating pore.
An alternative approach that searched for proton conduction by mutating residues in the non-S4 helices to histidines led to the identification of two positions that generate proton pores: one in the S1 segment (I241) and the other in the S2 segment (I287) (Campos et al., 2007) . Furthermore, introduced cysteines at any of these positions can also form disulphide bridges (or a Cd 2+ -binding site) with a substituted cysteine on the first S4 charge (R362C) of the Shaker potassium channel in the closed state. These crosslinking experiments show that the residues on S1 and S2 segments constitute the walls (the hydrophobic plug) of the gating pore since they are in close proximity to the first arginine of the Shaker S4 in the resting state. These physical constraints were used to propose a structural model of the Shaker potassium channel (Campos et al., 2007) . A similar structural model of the closed state of the channel has been developed in a recent study using a combination of fluorescence measurements and molecular modeling using the Rosetta method Yarov-Yarovoy et al., 2006) .
Measuring the Thickness of the Gating Septum
Estimates of the thickness of the gating septum or canaliculi using very different techniques reveal a surprisingly consistent picture. One approach was to measure the effect of external ionic strength on the gating charge movement (Islas and Sigworth, 2001 ). The ionic strength of a solution affects the Debye length, which in turn modifies the extent of voltage drop across the membrane. Decreasing the ionic strength reduces the fraction of voltage drop across a membrane, thereby decreasing the total gating charge. By using a one-dimensional form of the Poisson Boltzmann equation, the authors estimated the thickness of the membrane (or the septum in this case) to be $3-7 Å . Furthermore, by comparing the effect of different ionic strength on gating charge in internal and external solutions the authors inferred that both the cavities are conical, with a deep internal cavity of 20-25 Å depth and 12 Å aperture and a smaller external cavity of 3 Å depth with the same aperture. Ahern and Horn (2005) used charged MTS reagents of different length as molecular rulers to estimate the thickness of the septum. They showed that modification of cysteines introduced in place of the gating charges by a small positively charged MTS group increased the size of the gating currents. Their results indicate that charged groups attached to cysteines are dragged across the electric field along with the S4 when it undergoes a conformational change. They hypothesized that increasing the spacer length between the attachment site and the charge group beyond the thickness of the septum would allow the voltage sensor to move without the additional charge. Using a series of charged MTS reagents of various lengths, they estimate that the thickness of the septum is less than 4 Å (Figure 2 ). This value is likely to be a low estimate, since the contribution of the first arginine to total gating charge is less than one electronic unit.
One consequence of a narrow hydrophobic plug is that the voltage-drop across this region is expected to be much larger than in the cell membrane. The voltage drops across a typical membrane (30 Å in thickness) at resting membrane potential of À60 mV is $20 million volts per meter. If the septum is 10 Å thick, then the electric field is expected to be three times as large. This kind of focusing of the electric field is not particularly surprising. The electric field in the active sites of enzymes such as superoxide dismutase has been shown to be highly focused (Klapper et al., 1986; Rashin et al., 1986 ). In the voltage-gated ion channels, the electric field strength in the voltage-sensing domain has been measured using fluorescent potentiometric dyes whose shift in the emission spectra was used to estimate local electric potentials (Asamoah et al., 2003) (Figure 1D ). Although uncertainty about the orientation of the fluorophore relative to the electric field gives only a lower bound of the field strength, these potentiometric measurements show that a region around the second charge of the S4 segment experiences an electric field that is at least three times as strong as in the lipid bilayer, indicating that the septum is no thicker than 10 Å . The importance of a thin septum on the energetics of ion transport was pointed out by Parsegian (Parsegian, 1969) . The Born self energy of inserting an ion into the middle of a low dielectric slab (a model for a lipid bilayer) is considerably reduced when the thickness of the slab is comparable to the size of the ion. Therefore, we speculate that the architecture of the voltage-sensing domain may have evolved to define this subnanometer septum, which may ultimately reduce the cost of moving a gating charge across the electric field.
Perhaps the biggest surprise in this emerging story was the structure of the first voltage-gated ion channel solved in the MacKinnon laboratory in 2003 (Jiang et al., 2003a (Jiang et al., , 2003b . Based on this structure and state-dependent accessibility of tethered biotin to streptavidin, the authors proposed the paddle model of voltage sensing, where ''paddle'' refers to a helix-turnhelix motif consisting of the S3b-S4 segment. This model has been controversial mainly because, in its original form, it suggested that the paddle translocates freely across the lipid bilayer with little interaction with other transmembrane segments (S1-S2), while the tethered charged arginines were moving in the hydrophobic part of the lipid bilayer. Incisive experiments carried out subsequently with a variety of biophysical techniques have disputed the paddle model. The results of these experiments and their implications on voltage-gating mechanisms have been thoroughly dissected in a number of excellent reviews on this subject (Ahern and Horn, 2004; Bezanilla, 2005; Swartz, 2004; Tombola et al., 2005a) .
In terms of charge (and ion) transport through the voltage sensor, the paddle model appears to be incompatible with the behavior of some of the gating pore mutants. For instance, mutations of the first charge in the Shaker (R362) to cysteine or histidine results in gating pore currents only when the channels are in the closed state. It is difficult to envision how ions can flow through voltage-sensing domains in the closed state, especially if these residues are buried in the lipid bilayer as postulated by the paddle model. Furthermore, histidine substitutions in the non-S4 segments have also indentified two additional positions in the S1 and S2 segments that generate gating pore currents in the closed state (Campos et al., 2007) . In our opinion, these results are consistent with the notion that in the closed state the S4 and other three transmembrane segments are solvated, and these four transmembrane helices presumably line a water-filled crevice accessible to the inside.
The recent structures of the eukaryotic Kv1.2 (Long et al., 2005 ) and chimeric Kv channels (Long et al., 2007) provide clues as to how a gating pore may be formed in a voltage-sensing domain. Note that these channels most likely are in an open-slow-inactivated state, since detergent-solubilized proteins are under zero electric field. These structures show that the S3b-S4 segment is tilted, creating a cleft accessible to the extracellular solution. The S1 and S2 segments form the other walls of this cleft. A detailed molecular dynamics study of the Kv1.2 channels shows that the first arginine is solvated and makes contact with the phosphate groups of the phospholipids and the water molecules in the external solution (Jogini and Roux, 2007) . The water-filled crevices were observed to extend down to the most intracellular gating charge in the S4 segment (the fourth charge), and the computed electric field was shown to be concentrated in the upper half of the protein. More high-resolution structures particularly of the channel in the closed state combined with functional studies and molecular modeling will aid in developing a detailed physical picture of the gating pore and clarify the mechanism underlying transport of gating charges.
Naturally Occurring Pores through Voltage-Sensing Domains
The view of the voltage-sensing domain with a focused electric field across a gating pore or septum of subnanometer thickness has intriguing physiological consequences. For a long time, voltage-gated proton pores have been biophysically characterized The voltage-sensing domains on their own can form voltage-dependent channels (such as voltage-dependent proton pores and voltage-dependent nonselective cation channels). The voltagesensing domain can be covalently linked to soluble enzymes to generate voltage-sensitive enzymes (such as voltage-sensitive phosphatase) or with cation-selective pores to form voltage-dependent cation channels (such as voltage-gated potassium, sodium, and calcium channels).
by electrophysiologists without prior knowledge of its molecular identity (DeCoursey, 2003; Thomas and Meech, 1982) . These channels have been described in a variety of cell types and are involved in regulation of cellular pH.
These channels typically open when there is an outward electrochemical gradient, resulting in a rapid acid extrusion from cells. Recently, two groups have independently discovered voltage-dependent proton channels by mining genomic databases (Ramsey et al., 2006; Sasaki et al., 2006) . These channels share a strong sequence homology to the voltage-sensing domains of voltage-dependent ion channels but lack the canonical pore domain. These findings have led to a speculation that a proton pore pathway may be present in the voltage sensor to transport protons, as is the case with the histidine substitutions in the S1, S2, and S4 segments. Although the S4 arginines in the voltage-dependent proton channels are not mutated to histidines, our recent work shows that voltage-dependent proton pores can be generated even by introducing histidines in the helices surrounding the S4 segment (Campos et al., 2007) . These positions presumably correspond to residues that are in close proximity to the narrow septum that separates the internal and external cavities and may be the seat of the proton conduction of this protein. As has been pointed out recently, proton conductance by heterologously expressing these voltage-sensor orthologs could be an artifact-a result of induction of endogenous proton pores by expression of these genes (Miller, 2006) . Ultimately, functional reconstitution of voltage-dependent proton transporters will be necessary to prove beyond any doubt that these newly identified genes are the long sought voltage-dependent proton transporters.
Inherited disorders due to mutations of ion channels alter the amount of current through the pore by modifying either their voltage dependence or their single-channel conductance. Recently, this paradigm was reshaped by the discovery that some of the inherited disorders of the sodium channel gene are due to formation of proton pores or omega pores. In hyperkalaeimic periodic paralysis types 1 and 2, which are characterized by generalized muscle weakness or paralysis after vigorous exercise, the two outermost charge-carrying residues in the voltage sensors of DII and DIV of the sodium channel are mutated to either a histidine or a glycine (Ptacek et al., 1991) . Functional studies show that these mutations enhance inactivation of the sodium channel (Cannon and Strittmatter, 1993) while in vitro measurements from muscle fibers show increased membrane depolarization (Lehmann-Horn et al., 1987) . Recently, two groups have independently reexamined these mutant channels and discovered a voltage-dependent cation leak that is not blocked by a pore blocker. Both papers show strong evidence that these leak currents are due to formation of an ion/proton-conducting gating pore (Sokolov et al., 2007; Struyk and Cannon, 2007) . Furthermore, a survey of inherited disorders with S4 charge mutations have led Sokolov et al. (2007) to predict that omega pores may underlie other channelopathies. Based on our recent experiments on the Shaker potassium channels, we speculate that there may be additional inherited disorders associated with mutations in the non-S4 region viz. S1 and S2 segments, which may also result in gating pore currents (Campos et al., 2007) . A naturally occurring potassium channel Kv 3.2 from a flatworm, Notoplana atomata, shows inward currents that are reminiscent of gating pore currents (Klassen et al., 2006) . This suggests that a naturally modified gating pore conducts currents that may also have an as yet unknown physiological role.
Concluding Remarks
In our opinion, there is compelling evidence (summarized in Figure 3 ) that the movement of gating charges occurs via a specialized pore that separates the water-filled crevices in the voltagesensing domain. Although many details about this process remain to be clarified, it appears that the position of the gating pore or septum may be dynamic and depend on the state of the channel. The arginine and lysine residues that comprise gating charges also define these crevices. They line one face of the S4 helix and are partially solvated by water molecules. If arginines close to the septum are replaced by small uncharged amino acids, then cations can flow through the permeation pathway. These observations support an emerging view that each subunit (or domain in the sodium and calcium channels) of voltage-gated ion channels is essentially comprised of two domains: a gating pore domain and an ion pore domain. The gating pore domain is a functional unit by itself and is involved in sensing voltage by moving gating charges. In contrast, four ion pore domains come together to form a central ion-conducting pore. Thus, functional voltage-dependent ion channels are comprised of four gating pores at the periphery and a central ion-conducting pore. The voltage-sensing domain is also found in other membrane proteins that do not have the pore domain, such as the proton channel and the voltage-dependent phosphatase (Murata et al., 2005) . This indicates that the voltage-sensing domain is ubiquitous, and it may be considered as a voltage-sensing module that has been incorporated in a variety of proteins, as illustrated schematically in Figure 4 .
A whole body of work from different laboratories over the last decade has contributed to our understanding of both the structure and function of the voltage sensor. While many questions still remain to be fully addressed, some of the findings have also led to a new set of questions. What prevents ions from flowing through a typical voltage-sensing domain? Why is the modified gating pore cation selective? One would expect that anions would be favored since the water-filled crevices are lined by S4 arginines. What is the pathway of H + transport in the voltage-gated H + proton channels? Further studies of the voltage-sensing domain, proton channels, and mutants that generate gating pore currents will no doubt clarify some of these questions and will also reveal the full extent of the role of these currents on membrane excitability.
